Table 1

Definitions and specific terms.

English terms Definition

Biomechanics Application of mechanical principles to living organisms Force Mechanical action resulting in the displacement, acceleration, or deformation of a solid Moment arm Distance from the axis of rotation to the applying point of the force Torque Ability of a force to rotate a solid Loads and constraints Forces and moments applied to the solid as external actions (Von Mises) stress Inner body pressure defined as the ratio between the applied force and the surface (MPa) Contact pressure Mechanical interaction due to contact forces between two solids (MPa) Boundary conditions Actions defined prior to the simulation, imposing a value on displacements or forces (ex: fixed tibial bone) Region of interest (ROI) Anatomical landmarks or surface on which the output data from the computational model are collected Among the mechanical conditions studied after TKA, a squatting movement is typically used in computer simulations [START_REF] Hoshi | Mobile-bearing insert used with total knee arthroplasty does not rotate on the tibial tray during a squatting activity: a cross-sectional study[END_REF][START_REF] Mizu-Uchi | Patient-specific computer model of dynamic squatting after total knee arthroplasty[END_REF][START_REF] Huang | Patellofemoral kinematics during deep knee flexion after total knee replacement: a computational simulation[END_REF]. The patient's ability to flex their knee as much as possible from an extended leg position is often considered representative of activities of daily living and correlated with clinical results [START_REF] Latypova | Patellar bone strain after total knee arthroplasty is correlated with bone mineral density and body mass index[END_REF]. An increase in patellar loads at about 60 • flexion has been observed in simulations during squatting after TKA [START_REF] Latypova | Patellar bone strain after total knee arthroplasty is correlated with bone mineral density and body mass index[END_REF][START_REF] Latypova | A patient-specific model of total knee arthroplasty to estimate patellar strain: a case study[END_REF]. However, the role of tension in the patellar retinaculum is unspecified in these simulations.

Various finite element models (FEM) have been described in the literature, each having their own complexity, precision and functionality [START_REF] Bori | Development and validation of an in-silico virtual testing rig for analyzing total knee arthroplasty performance during passive deep flexion: a feasibility study[END_REF][START_REF] Woiczinski | Development and validation of a weight-bearing finite element model for total knee replacement[END_REF][START_REF] Baldwin | Dynamic finite element knee simulation for evaluation of knee replacement mechanics[END_REF][START_REF] Innocenti | Contact forces in several TKA designs during squatting: a numerical sensitivity analysis[END_REF]. Some computer simulations have been proven effective at predicting the tibiofemoral loads during a squat [START_REF] Fitzpatrick | Influence of patellofemoral articular geometry and material on mechanics of the unresurfaced patella[END_REF], but few models have focused on evaluating the patellofemoral joint during flexion. The boundary conditions and loading conditions are very different in these various models, making them difficult to compare [START_REF] Viceconti | Extracting clinically relevant data from finite element simulations[END_REF][START_REF] Erdemir | Considerations for reporting finite element analysis studies in biomechanics[END_REF]. The aim of this study was to validate a new computational model driven by forces and moments and to analyze patellofemoral reaction forces and stress during squatting after TKA implantation (Table 1).

Materials and methods

Knee and implant geometry

Bone geometries were extracted from preoperative CT-scan slices (General Electric Healthcare, Milwaukee, WI, USA) from a single patient with end-stage knee osteoarthritis and varus deformity, operated on for a TKA (Fig. 1). Three-dimensional (3D) reconstructions were completed using open-source 3D image processing software (3D Slicer, version 4.11) based on manual segmentation of the femur, tibia, fibula and patella. The final parametric model was exported in STL format and included the volumes of each bone. The mechanical and anatomical axes and the lengths of the bone segments were collected from preoperative biplanar radiographs (EOS Imaging, Paris, France). Discretization of the model was done using fine mesh generation with tetrahedric elements that averaged 3 mm in size. This mesh was composed of 67,254 elements and 120,646 nodes (Fig. 2). The geometry of a posterior-stabilized TKA with fixed bearing was utilized using CAD software (SolidWorks, Dassault system, France).

Total knee arthroplasty implantation

The CAD software was then used to implant the TKA components (femoral component, tibial tray, tibial insert, polyethylene patellar dome component) using a mechanical alignment technique as follows: femoral and tibial bone cuts perpendicular to the femoral and tibial mechanical axes, respectively, 7 • of femoral valgus, 3 • of femoral external rotation, and 7 • of tibial slope. The implantation was performed by a surgeon specialized in total joint replacement to optimize the size and position of the components based on the TKA implanted in the same patient in vivo. A 10-mm fixed bearing polyethylene tibial insert was inserted between the femoral and tibial components. Implants were rigidly fixed and kinematically constrained to their bone, with no modelling of the cement fixation.

Material properties

The ligament structures were simulated as wire bodies aiming to reproduce physiological behavior (element working in tension but not in compression). The ligament attachments were defined using the initial imaging and validated by the surgeon (Fig. 2). The bones and implants were considered as rigid deformable bodies with fully linked interfaces (except for the patellofemoral and tibiofemoral joints). Friction coefficients of = 0.02 and = 0.05 were applied to the patellofemoral and tibiofemoral joints, respectively [START_REF] Huang | Stress distribution of the patellofemoral joint in the anatomic V-shape and curved dome-shape femoral component: a comparison of resurfaced and unresurfaced patellae[END_REF]. The mechanical properties attributed to materials (Table 2) and soft tissues (Table 3) were assumed to be homogeneous and isotropic, and derived from the literature. 

Loading and boundary conditions

The Oxford Knee Rig setup [START_REF] Bourne | A functional analysis of various knee arthroplasties[END_REF], a well-controlled and reproducible experimental protocol, was reproduced in silico, while keeping the tibia fixed during flexion (Fig. 3). A constant 130 Newtons (N) load was applied to the center of the femoral head along an axis joining the centers of the femoral head and ankle, to simulate the loading conditions during a squatting motion while standing on both legs [START_REF] Huang | Stress distribution of the patellofemoral joint in the anatomic V-shape and curved dome-shape femoral component: a comparison of resurfaced and unresurfaced patellae[END_REF]. As such, the direction of force applied varied depending on the flexion angle, by inducing a flexion moment → C in the knee replacement (Fig. 3). The components Fx along 

C = F × d d = L1 × sin ˇ1  = ˇ1 + ˇ2 d = L1 × sin  -ˇ2 Fx = F × cos ˇ2 and Fy = F × sin ˇ2
The parameters F, d, L1, ˇ1 and ˇ2 were defined as shown in Fig. 4. The quadriceps tendon was modeled using unidimensional viscoelastic elements (shocks and springs set in parallel). The damping coefficients were chosen to minimize dynamic effects. The action of the hamstring muscles was ignored during the flexion movement [START_REF] Bori | Development and validation of an in-silico virtual testing rig for analyzing total knee arthroplasty performance during passive deep flexion: a feasibility study[END_REF][START_REF] Victor | The influence of muscle load on tibiofemoral knee kinematics[END_REF]. The analysis was completed for each flexion position (20 • , 30 • , 40 • , 60 • , 80 • , 100 • ) after having first calculated the quadriceps stiffness, for which the knee was maintained in equilibrium due to external loads.

Validation study

The results were compared to experimental data (cadaver studies using the Oxford Knee Rig) or validated computer data with similar loading conditions. For a squatting motion, the comparability analysis used standardized forces of twice the load applied initially (noted BW=2*130N=260 N) as per Mason et al. [START_REF] Mason | Patellofemoral joint forces[END_REF]. The validation study included forces applied to the quadriceps tendon (F Q ) and patellar tendon (F PT ), contact forces (medially and laterally, and medial/lateral ratio) and contact pressure on the tibiofemoral joint, and the flexion angle at which post-cam contact occurred (defined by the flexion angle at which the contact force was no longer null during flexion).

Output data

Patellofemoral contact force (F PF , expressed in N) and Von Mises stress on the patellar implant (expressed in MPa) were evaluated for each position in flexion.

Results

Quadriceps force

Quadriceps force increased continuously with knee flexion angle, reaching a maximum of about 6 times the applied load at 100 • flexion (Fig. 5).

Patellar tendon force

The patellar tendon force F PT /quadriceps force F Q ratio was slightly reduced with increasing knee flexion angle (Fig. 6).

Tibiofemoral contact forces and pressure

Lateral and medial tibiofemoral contact forces increased continuously with knee flexion angle, up to 407 N medially and 257 N laterally at 100 • flexion. The medial-to-lateral distribution on the tibial insert was 64% and 36%, respectively. The contact pressure map on the tibial insert relative to knee flexion angle showed peak contact pressure more posteriorly with flexion, with a femoral rollback pattern (Fig. 7).

Post-cam contact forces

Post-cam contact forces started increasing slightly below 70 • of knee flexion.

Patellofemoral contact forces and Von Mises stress (output data)

Patellofemoral contact forces F PF increased from 20 • to 100 • , reaching 7 times the initial applied load (i.e. 3.5 times the BW value) (Fig. 8), and were correlated with increasing force applied to the quadriceps tendon (Fig. 9). The maximal F PF /F Q ratio was about 40% during our simulation. Von Mises stress on the patellar implant increased from 5.5 MPa (20 • flexion) to 16.4 MPa (100 • flexion) on average (Fig. 10). While they were initially centered, the stress shifted proximally and medially on the patellar implant, likely attributable to patellar contact with the intercondylar notch.

Discussion

The aim of this study was to validate a new finite element model of a TKA that provides reliable biomechanical data on the patellofemoral joint reaction forces during a simulated squatting motion. Finite element analysis is a method known for its precise calculation of joint loads, generating mechanical output data related to deformable elements [START_REF] Bori | Development and validation of an in-silico virtual testing rig for analyzing total knee arthroplasty performance during passive deep flexion: a feasibility study[END_REF]. Thus, this is a reference method for understanding the forces exerted on the extensor mechanism during flexion.

The initial step of the computer validation focuses on the tibiofemoral joint's loads and kinematics, similar to the in vivo or experimental conditions observed after implantation of posteriorstabilized TKA: presence of posterior femoral roll-back of several millimeters without paradoxical anterior translation, limited lateral lift-off of femoral condyles during flexion [START_REF] Argenson | In vivo kinematic evaluation and design considerations related to high flexion in total knee arthroplasty[END_REF][START_REF] Belvedere | In vivo kinematics of knee replacement during daily living activities: condylar and post-cam contact assessment by three-dimensional fluoroscopy and finite element analyses: contact assessment in total knee replacement[END_REF]. In our simulation, the tibiofemoral contact forces, their distribution between the medial and lateral compartments (about 60% vs. 40%), along with the instant of post-cam contact (typically reported to be between 60 • and 75 • flexion) were consistent with several published studies [START_REF] Argenson | In vivo kinematic evaluation and design considerations related to high flexion in total knee arthroplasty[END_REF][START_REF] Wang | The biomechanical effect of different posterior tibial slopes on the tibiofemoral joint after posterior-stabilized total knee arthroplasty[END_REF][START_REF] Innocenti | Contact forces in several TKA designs during squatting: a numerical sensitivity analysis[END_REF].

The innovative method of our approach included an a priori calculation of the quadriceps stiffness to equilibrate the model at the given flexion angle. The 130 N applied load was similar to the loading conditions used by Victor et al. [START_REF] Belvedere | In vivo kinematics of knee replacement during daily living activities: condylar and post-cam contact assessment by three-dimensional fluoroscopy and finite element analyses: contact assessment in total knee replacement[END_REF]. By standardizing external forces to twice the applied load, forces applied to the extensor mechanism were consistent with Victor et al. and other experimental studies in which external forces were determined by inverse kinematics [START_REF] Sharma | In vivo patellofemoral forces in high flexion total knee arthroplasty[END_REF][START_REF] Churchill | The influence of femoral rollback on patellofemoral contact loads in total knee arthroplasty[END_REF]. Quadriceps force was 6 times higher than the initially applied load at 100 • flexion, which is suitable for squatting motion [START_REF] Belvedere | In vivo kinematics of knee replacement during daily living activities: condylar and post-cam contact assessment by three-dimensional fluoroscopy and finite element analyses: contact assessment in total knee replacement[END_REF]. However, a large variability of quadriceps force values exists in the literature, ranging from one to two times our results [START_REF] Woiczinski | Development and validation of a weight-bearing finite element model for total knee replacement[END_REF]. Previously collected kinematic tibiofemoral data from experimental study can be incorporated and used to drive the finite element simulation, which can over-estimate quadriceps force [START_REF] Nakamura | Superiorinferior position of patellar component affects patellofemoral kinematics and contact forces in computer simulation[END_REF].

Patellofemoral contact force increased gradually during knee flexion and proportionally to the quadriceps force. Finally, the distribution pattern and magnitude of Von Mises stress on the patellar implant were comparable to the literature [START_REF] Sharma | In vivo patellofemoral forces in high flexion total knee arthroplasty[END_REF][START_REF] Churchill | The influence of femoral rollback on patellofemoral contact loads in total knee arthroplasty[END_REF][START_REF] Latypova | Patellar bone strain after total knee arthroplasty is correlated with bone mineral density and body mass index[END_REF]. Interestingly, the highest mean Von Mises stress found in our simulation ( This study has some limitations. First, a single implant design was used, thus these results cannot be generalized to other TKA implants. Second, the validation analysis was restricted to published studies with comparable loading and boundary conditions. While two types of mesh were tested with no major impact on the results, conducting a numerical sensitivity analysis by changing the mesh or material parameters could enhance the validity of our model. Additionally, our simulation was designed to ana- lyze extensor mechanism reaction forces and patellofemoral stress as output data, thus patellofemoral kinematics were not collected. Lastly, model inputs such as the patellar retinaculum [START_REF] Wang | Effect of patellar tendon release on squatting characteristics of tibiofemoral joint after total knee arthroplasty: a simulation analysis[END_REF][START_REF] Koh | Effect of post-cam design for normal knee joint kinematic, ligament, and quadriceps force in patient-specific posterior-stabilized total knee arthroplasty by using finite element analysis[END_REF], hamstring tendons [START_REF] Stevens-Lapsley | Quadriceps and hamstrings muscle dysfunction after total knee arthroplasty[END_REF] and more complex collateral ligaments models [START_REF] Beidokhti | The influence of ligament modelling strategies on the predictive capability of finite element models of the human knee joint[END_REF] could be incorporated to provide more realistic patellofemoral behavior during squatting motion. In addition to some intraoperative tools [START_REF] Ogawa | Extra-articular factors of the femur and tibia affecting knee balance in mechanically aligned total knee arthroplasty[END_REF], a preoperative computational simulation tool could predict individual patellofemoral forces and contact pressure with respect to implant position or patient-specific anatomy, providingdata that would help the surgeon in planning the TKA implantation.

Conclusion

This study showed agreement among litteratureand our computational model for patellofemoral forces and stress under squatting conditions after TKA implantation. This model furthers our understanding of the influence of implantation techniques on patellofemoral reaction forces during flexion.
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 1 Fig. 1. Methodology using CT-scan for bone reconstruction and implant modeling.

Fig. 2 .

 2 Fig. 2. Computational model of the total knee arthroplasty and the extensor mechanism using finite element analysis and mesh generation.

  → x0 and Fy along → y0 and the force → F and moment → C were determined using the following equations:

Fig. 3 .

 3 Fig. 3. Boundary conditions in the sagittal plane during a squat simulation. Initial load on the femoral head (A), expression of this load in the mobile femoral frame with flexion angle (B), definition of a new fixed knee frame (C), application of the initial load in the knee frame inducing a moment at the center of the knee replacement (D).

Fig. 4 .

 4 Fig. 4. Expression of the force

  16 MPa at 100 • flexion) was similar to experimental results from Glaser et al. (17 MPa at 90 • flexion), values surpassing the polyethylene yield point of the patellar implant (14.4 MPa) from 90 • of flexion [30].
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 5 Fig. 5. Changes in quadriceps tendon force relative to body weight (FQ/BW=) under squat loading conditions, compared to literature.

Fig. 6 .

 6 Fig. 6. Changes in patellar tendon force FPT / quadriceps force FQ ratio during flexion, compared to literature.
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 7 Fig. 7. Contact stress distribution on the tibial insert during flexion.
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 8 Fig. 8. Changes in patellofemoral contact forces relative to body weight (FPF/BW) under squat loading conditions, compared to literature. BW = twice the load applied initially (260 N)

Fig. 9 .

 9 Fig. 9. Changes in patellofemoral contact force FPF / quadriceps force FQ ratio , compared to literature.

Fig. 10 .

 10 Fig. 10. Von Mises stress distribution in the patellar implant during flexion.

Table 2

 2 TKA component properties.

	Structure	Material	Young's Modulus E (MPa)	Poisson coefficient
	Tibial insert, patellar implant	Polyethylene	685	0.4
	Femoral implant	CrCoMo	220,000	0.3
	Tibial implant	Titanium	110,000	0.3

Table 3

 3 Ligament properties.

	Structure	Young's modulus E (MPa)	Poisson coefficient	Surface (mm 2 )
	Lateral collateral ligament	180	0.4	9.42
	Medial collateral ligament	160	0.4	9.42
	Patellofemoral ligament	180	0.4	6.28
	Patellar tendon	1600	0.4	9.42
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